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Abstract 11 
Nowadays, Ground Source Heat Pumps (GSHP) are achieving significant efficiencies, mostly 12 
because of the development of their electromechanical components. However, concepts such 13 
as the technical performance of the grouting materials deserve more profound analysis, as 14 
becoming essential in areas where good potential thermal performance of the GSHP and serious 15 
risks of groundwater contamination exist. In this paper, several fluid mortars with enhanced 16 
characteristics have been evaluated. Results show improved mechanical and thermal properties 17 
compared to conventional grouting materials. Likewise, mortars exhibited good performance 18 
after being subjected to durability treatment. For now, the cost of some mortars may constitute 19 
a barrier. 20 
Keywords: grouting material, fluid mortar, cement, graphite, durability. 21 
1. Introduction22 
The use of fluid mortars for grouting is widespread in construction. In fact, besides all the very 23 
well-known applications in the fields of the civil and building engineering, another application 24 
can be highlighted in the last few years that requires the development of specific admixtures: 25 
ground source heat pumps (GSHP). Due to its very favourable features, including lower energy 26 
consumption and GHG emissions, renewable and clean energy or independence of supply, this 27 
technology, widely implemented in countries such as Sweden or Germany for more than 30 28 
years, has also become very popular in countries such as Spain, where other renewable 29 
technologies such as solar or wind energies are much more developed [1]. Moreover, the 30 
significant thermal efficiencies achieved are removing typical barriers to the evolution of this 31 
technology, such as the high initial investment required. Closed-loop GSHPs with vertical 32 
boreholes acting as ground heat exchangers are the most common geothermal installation 33 
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worldwide, with depths ranging from 90 to 200 m. Between the heat carrying fluid flowing 34 
through the pipe and the ground a backfill material normally known as grouting material is 35 
placed, which provides thermal coupling, borehole wall stability and environmental ground 36 
protection [2]. This is indeed a very important element of the GSHPs, not only due to its 37 
influence on the system’s thermal efficiency, but also because of the potential problems of 38 
contamination of aquifers that a poor-quality grouting material might cause [3,4,5].   39 
Although the research done in the last few years is not extensive, some investigations can be 40 
highlighted, such as those where the thermal conductivity of different bentonite-based grouts 41 
with different types and quantities of sands and graphites is evaluated [6,7]. A more thorough 42 
characterization was carried out in [8-13], where mechanical strength, thermal performance and 43 
permeability of bentonite-based grouts were analysed before and after they were subjected to 44 
freezing damage and heating-cooling cycles. The favourable influence of the graphite on the 45 
thermal performance of the grouting materials, its adverse effect on the mechanical behaviour 46 
and the negative impact of the high w/s (water/solid) ratios of the very workable admixtures, 47 
are some of the important conclusions of these investigations. As for cement-based materials, 48 
thorough research was done in the early 2000s [2,14-17] throughout which a superplasticized 49 
cement-based grout was designed that resulted in better thermal and mechanical performance 50 
than neat cements or bentonite-based grouts. In [18] and [19], the authors incorporated other 51 
materials such as electric arc and blast furnace slags, construction and demolition waste or steel 52 
fibres with the aim of achieving higher thermal conductivities and improved mechanical 53 
behaviour as well as permeability, respectively. The durability of cement-based grouts was 54 
evaluated in [20,21] by means of testing mechanical and thermal performance of several 55 
admixtures mainly made up of cement and natural and recycled sands, respectively. Lately, 56 
other investigations have been published that deal with problems arising during mixing, 57 
placement or with residence time, such as the decreasing values of conductivity when there is 58 
poor control of water content [22] or when the level of saturation changes [23]. 59 
Thus, little research has been done so far on the suitability of this type of materials. However, 60 
new applications related to GSHP systems are showing up, such as deep borehole heat 61 
exchangers [24], geothermal District Heating [25,26] or Smart Grids using geothermal energy 62 
[27]. At the same time, the research on the use of advanced (nano-) materials in conventional 63 
construction materials like mortars or concretes [28,29] is rapidly increasing. All in all, it seems 64 
that further research about grouting materials is required, especially for GSHP installations 65 
where the risk of contamination of groundwater is higher and so the use of enhanced materials 66 
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is a must. To that end, an analysis of the characterization of several types of cement-sand-based 67 
fluid mortars with different sands and additives has been carried out in this paper. In addition, 68 
their performance has been evaluated when they are subjected to wet-dry cycles, something 69 
very common in situations when water table and heat play a role.  70 
2. Materials and methods 71 
Materials and properties 72 
Four types of mortars with different mix proportions have been designed that are made of 73 
cement, water, superplasticizer , two types of aggregates (limestone and silica) and two different 74 
carbon-based additives: flake graphite and expanded graphite. The cement type CEM II-B 75 
(V)/32.5R (EN 197-1 [30]) was selected simply for availability reasons. The main criteria for 76 
the selection of the aggregates were local availability of the limestone and the considerably 77 
better thermal properties of silica sand [14]. As for the additives, the former is a naturally 78 
occurring form of graphite with purity over 94%, which is typically found as flat, plate-like 79 
crystals with angular edges. The nanosized expanded graphite is produced from natural graphite 80 
by chemical oxidation and expansion at high temperature, reaching expansion ratios of 200-81 
300 and purities over 99%. As well as the well-known properties of flake graphite (e.g. thermal 82 
and electrical conductivity or chemical stability) worm shaped expanded graphite was assumed 83 
to contribute with its higher surface area and sealing properties, among others. Neither of the 84 
additives are water soluble so, in contrast to what occurs with heavy metals, toxic substances 85 
are not expected to be generated in the groundwater. In addition, they are not bioavailable and 86 
have very low chemical reactivity. The different morphology of the two additives can be 87 
identified in Figure 1.  88 
 89 
Fig 1.- Optical micrographs of the flake graphite (left) and expanded graphite (right) used in the research  90 
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Finally, a powdered superplasticizer and cohesion promoter (MasterCast 205 MA) with 91 
bleeding prevention effect was used, which is especially recommended for the design of good 92 
quality self-levelling mortars with improved flowability. Table 1 shows the specific gravity and 93 
water absorption of the aggregates and graphites used, as well as their particle size distribution. 94 
Sands with a maximum aggregate size less than 2 mm were used for workability purposes.  95 
Table 1. Main properties of the aggregates and additives used 96 







Specific gravity 2.725 2.638 2.250 0.040 
Water absorption (%) 0.50 0.16 N/A N/A 
Sieve size (mm) % Passing 
4 100 100 100 100 
2 91 100 100 100 
1 59 99 100 100 
0.5 39 90 99 100 
0.25 26 30 36 100 
0.125 19 4 1 42 
0.063 14 2 0 0 
 97 
In Table 2 the nine different mix proportions (M1 to M9) are shown. The amount of water used 98 
for the design of the mortars was determined based on the flow table consistency test (EN 1015-99 
3 [31]). Given the application studied here, diameters over 300 mm were desired resulting in 100 
mortars having good fluid properties yet retaining suitable mechanical and thermal properties. 101 
The amount of superplasticizer used was kindly suggested by the provider. 102 
Table 2. Mix proportions of all the cement-sand mortars designed 103 
Mortar M1 M2 M3 M4 M5 M6 M7 M8 M9 
w/c 0.35 0.39 0.46 0.40 0.40 0.44 0.44 0.42 0.51 
L/c 2.00 0.60 0.00 1.94 1.91 1.88 1.85 1.98 1.97 
S/c 0.00 1.40 2.00 0.00 0.00 0.00 0.00 0.00 0.00 
Fg/c 0.00 0.00 0.00 0.06 0.09 0.12 0.15 0.00 0.00 
Eg/c 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.015 0.030 
sp/c 0.025 0.025 0.025 0.025 0.025 0.025 0.025 0.025 0.025 
w: water; c: cement; L: limestone sand; S: silica sand; Fg: flake graphite; Eg: expanded graphite; sp: superplasticizer. 104 
Methodology for characterization 105 
A conventional 1500W mortar mixer with speed regulation was used that ensured the proper 106 
mixing of the different materials involved. Three specimens per mix proportion and type of test 107 
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were prepared for characterization purposes. After the mixing process, fresh samples were 108 
cured at ambient temperature until moulds could be removed. Then, the mortars were immersed 109 
in water at 20±2 ºC and left for curing for 28 days.  110 
For the characterization of the different admixtures, fresh densities were obtained based on the 111 
European standard EN 1015-6 [32]. After the curing period, different thermal and mechanical 112 
properties of the mortars were evaluated. Thus, hardened densities, thermal conductivities and 113 
compressive and flexural strengths were determined as defined in the well-known standards EN 114 
1015-10 [33], ASTM 5334-08 [34] and EN 1015-11 [35], respectively. For the conductivity 115 
tests, the Hukseflux TPSYS02 device with the TP02 Non-Steady-State Probe was used, which 116 
enables analysis in temperature and conductivity ranges from -55 to 180 ºC and 0.1 to 6.0 117 
W/mK, respectively, with an accuracy of ±3%. Based on the hard nature of the material, very 118 
thin hollow steel bars had to be placed inside the fresh samples to enable the introduction of the 119 
needle. Moulds employed for the different tests were like those in [11], as required by the 120 
standards followed. 121 
In addition, one more test was carried out for the evaluation of the pipe-mortar bond strength. 122 
The importance of this test derives from the potential debonding effects, which may lead to a 123 
loss of thermal efficiency and to environmental problems such as cross contamination between 124 
aquifers. As detailed in [21], the test is based on a cylindrical gap that has to be created between 125 
a 32x2.9 mm high-density polyethylene (HDPE) pipe embedded in the mortar specimen and 126 
the bottom of the specimen (Figure 2). 127 
 128 
Fig 2.- Schematic view of the test for the evaluation of the pipe-mortar bond strength  129 
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The gap allows the pipe to go downwards when the load applied by a general-purpose testing 130 
machine, on the part of the pipe that sticks out of the mortar, reaches a certain threshold. This 131 
value defines the bond strength and corresponds to the maximum load registered during the 132 
test. The mechanical tests were carried out until the specimens’ failure, whereas for the thermal 133 
conductivity tests three measurements were performed per sample. Results of fresh and 134 
hardened density, thermal conductivity, compressive and flexural strength and bond strength 135 
were determined as the mean of the values obtained for the specimens tested.  136 
Methodology for durability 137 
After the characterization stage, all the mortars except M4 and M5 (those with lower amounts 138 
of natural graphite and therefore, less representative for the durability analysis) were subjected 139 
to a durability test that consisted of 11 wet-dry cycles. As mentioned before, in situations where 140 
heat is exchanged with soils subjected to variable water-table levels, the durability assessment 141 
of the filling materials is very relevant. Thus, the same four laboratory tests were carried out on 142 
the mortars after the 11 wet-dry loads were applied.   143 
The duration of each cycle was 72 hours (three days): the specimens were submerged in a water 144 
tank at 20±2 ºC for 24 hours and for the remaining 48 hours they were dried in ambient air. 145 
Three extra specimens per mix proportion and type of test were fabricated for durability 146 
purposes. Note that all the specimens per type of mortar, both for characterization and durability 147 
purposes, were from the same batch to avoid altering the comparison between the results 148 
obtained before and after they were subjected to the wet-dry cycles. This comparative analysis 149 
will contribute to the quality assessment of the materials proposed. 150 
3. Results and Discussion 151 
In Figure 3, the thermal conductivity results of the nine mortars are shown together with those 152 
of hardened density and the w/s ratios. Considering M1 as a reference mortar, it can be seen 153 
that the others, with either more conductive sands or carbon-based additives, achieve higher 154 
thermal conductivities. Mortars M2 and M3 achieved very good results merely by using 155 
increasing quantities of silica sand, something to be considered in situations where this 156 
aggregate is highly available. The higher w/s ratio of M3 can also be highlighted as it leads to 157 
better workability, although reducing the potential increase in thermal conductivity. Slightly 158 
lower results were obtained in [15] and [18] for similar cement-sand admixtures, probably due 159 
to the greater use of mixing water and/or the addition of bentonite. When silica sand is not 160 
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available or not desired, thermal enhancing additives such as those analysed in this paper might 161 
be used to improve the efficiency of GSHP installations with soils having very good thermal 162 
properties. In this sense, the influence of the flake graphite is shown in Figure 3 as the difference 163 
between the increasing trend of thermal conductivities in mortars M4 to M7 and the 164 
corresponding flat trend of the hardened densities.  165 
It should also be mentioned that values of conductivity 22% and 26% higher than the reference 166 
mortar were obtained for M8 and M9, regardless of their low values of hardened density. Thus, 167 
the use of expanded graphite (particularly in M9) made possible the increase of the w/s ratios 168 
while improving the thermal properties of the mortars. This is relevant as the workability is a 169 
critical property when selecting the grouting materials for geothermal purposes. On the other 170 
hand, the use of excess water in the admixture would lead to mortars with poorer mechanical 171 
properties as compared to the reference sample. 172 
 173 
Fig 3.- Thermal conductivity, hardened density and w/s ratios of the mortar specimens  174 
In line with previous results, the values of thermal conductivity of mortars M8 and M9 stand 175 
out, considering the low additive/cement ratios used (Figure 4). This is very important given 176 
the significant price of expanded graphite in relation to natural flake graphite (≈70 times more 177 
expensive according to the particular provider used for this research). The linear increase in the 178 
mortars’ conductivity with the increase in their additive/cement ratios should also be 179 
highlighted (Figure 4), as well as the maximum values measured, with mortars reaching values 180 
of conductivity 30-74% higher than for the reference admixture by adding 3.0-7.5 %wt flake 181 
graphite with respect to sand (1.7-4.3 %wt with respect to mortar). Therefore, the high 182 
availability of this additive is an asset due to its suitable thermal enhancing properties. However, 183 
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the hydrophobic nature of the flake surface and the bubbling effect when mixed with water, 184 
makes the manufacturing process a little more difficult than desired. As seen in Figure 5, a crust 185 
is formed at the top of the samples due to the flotation of the graphite, part of which is attached 186 
to the air bubbles, thereby being separated from the admixture. This issue has to be further 187 
considered in order to minimize the loss of flake graphite when filling the moulds.  188 
 189 
Fig 4.- Thermal conductivity of the mortar specimens as a function of their additive/cement ratios  190 
 191 
 192 
Fig 5.- Crust formed at the top of the specimen when flake graphite is added to the mortar  193 
Finally, the values of thermal conductivity measured before and after the durability treatment 194 
are shown in Figure 6. According to the graph, there is hardly any variation between the values 195 
obtained, which means that the wet-dry cycles to which the seven admixtures were subjected, 196 
did not have any influence on their thermal behaviour. The visual inspection of the specimens 197 
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confirmed the lack of any substantial damage that could have affected this behaviour. 198 
Something similar was noticed in [21]: analogous silica-based and limestone-based cement-199 
sand mortars were not affected at all by a durability treatment based on the application of freeze-200 
thaw cycles. This seems to demonstrate the thermal resilience of this type of mortars. 201 
 202 
Fig 6.- Results of thermal conductivity before and after the durability treatment 203 
As for the mechanical characterization of the mortars, the results of compressive and flexural 204 
strength compared to their w/c (water/cement) ratios are shown in Figure 7. All the mortars 205 
except M2 presented lower resistances to compressive and flexural loads than the reference 206 
mortar, but on the other hand, the increasing w/c ratios suggest improved workability.  207 
 208 
Fig 7.- Compressive and flexural strength of the mortars as a function of the water/cement ratio  209 
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Values of compressive strength in the same range were obtained in [18] and [21] for mortars 210 
with limestone or silica sand, whereas smaller values were measured in [15] and [19], probably 211 
due to the use of higher volumes of mixing water. When comparing with conventional grouts 212 
[9,11], the difference is one order of magnitude. Therefore, given the specific area of 213 
application, suitable combinations of mechanical and thermal behaviour have been obtained for 214 
the mortars studied, including those with the two different types of graphites. The difference 215 
between the results for M6 and M7, with 3.5%wt and 4.3%wt flake graphite, respectively, and 216 
M8, with 0.5%wt expanded graphite, is also interesting. Although similar w/c (and w/s) ratios 217 
were used, considerably higher values of compressive and flexural strength have been obtained 218 
for M8, which suggests the influence of the nanosized graphite on the admixture.  219 
Although the comparison is not statistically appropriate because of the different compositions 220 
of the admixtures, a relationship might be assumed (as suggested by the red-dashed lines) 221 
between the amount of mixing water and the mechanical strength of the resulting mortars. In 222 
the case of mortars M4 to M9, the w/c ratios are likely related to the higher water absorption 223 
requirements of admixtures incorporating graphites. The fact that the w/c ratios remains crucial 224 
for their design whatever other elements are involved is illustrated by the results of the two 225 
mortars with expanded graphite. Thus, despite the above mentioned positive influence of the 226 
additive, the compressive and flexural strengths were substantially reduced (50% and 35%, 227 
respectively) after doubling the amount of additive, something which clearly correlates with the 228 
significant difference in the w/c ratios of the two mortars. All in all, regardless the adverse 229 
effect of excess water in the mix, the mechanical performance of M9 can be considered to fulfil 230 
the requirements for geothermal groutings. 231 
The compressive and flexural strength results before and after the durability treatment are 232 
presented in Figure 8. It can be clearly observed that the influence of the wet-dry cycles on the 233 
mechanical behaviour of the mortars was almost negligible, no matter the type of sand or 234 
additive incorporated, and only two mortars lost certain flexural resistance (M1 and M2). In 235 
order to confirm whether the mortars were statistically affected by the durability treatment or 236 
not, the p-p plots of flexural and compressive strength for all the data (with no treatment 237 
distinction) have been plotted (Figure 9). As can be seen, both samples follow a normal 238 
distribution, which indicates that the variations of the results are a product of the inherent 239 
variability of the materials and the uncertainty of the test procedure. Likewise, a Two-Sample 240 
T-Test has been carried out with Minitab software. As expected, this test provided p-values of 241 
0.541 and 0.721 for the results of compression and flexural strengths, respectively. As p-values 242 
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are greater than the significance level (α=0.05), the null hypothesis (H0: μ1 = μ2) cannot be 243 
rejected, hence it can be concluded that the average flexural and compression strengths of 244 
mortars subjected to durability treatment are not statistically different to those of mortars not 245 
subjected to treatment. 246 
 247 
Fig 8.- Results of mechanical resistance before and after the durability treatment 248 
 249 
Fig 9.- P-P plot for the values of compressive and flexural strength measured 250 
The results of the evaluation of the pipe-mortar bond strength for the nine admixtures are shown 251 
in Figure 10. Comparable adherence loads in the range between 0.6 and 0.8 kN were measured 252 
for all of them except one, the mortar with highest amount of expanded graphite (M9). Mortars 253 
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with increasing amounts of flake graphite (M4-M7), with adherence loads over 0.7 kN, did not 254 
improve the value achieved by the reference mixture. On the other hand, the large standard 255 
deviations obtained for most of the average loads are very noticeable, which preclude drawing 256 
conclusive statements on this question other than the analogous behaviour already stated. In 257 
further studies, more specimens per mortar and test should be used for accuracy purposes. 258 
 259 
Fig 10.- Results of the adherence test after the 28 days’ curing 260 
For the same reason, caution should be exercised with the retained resistance data shown in 261 
Figure 11. According to these results, all the mortar-pipe specimens undergo some loss of 262 
adherence, which leads to a retained resistance that is always in a narrow range between 56 and 263 
72% except for one of the mortars, with most of them having retained resistances over 60%. 264 
 265 
Fig 11.- Retained bond strength after the durability treatment 266 
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As for the larger deviation of M7, since none of the common technical factors (mixing process, 267 
type of sand, amount of additive, etc.) seems to explain it, the only reason for this seems to be 268 
the wide scattering of the data, which causes the large standard deviations already mentioned. 269 
Finally, the cost of the different mortars are displayed in Table 3. These costs are exclusively 270 
based on the very well-known prices of the raw materials, also included in the table, whereas 271 
concepts such as their transport or the mixing process are not considered. Sources of the prices 272 
are local construction materials’ stores, local quarries and the provider of the graphites used. 273 
Table 3. Cost of the cement-sand mortars based on the price of the materials 274 
Price of materials (€/kg) 
Cement Limestone Silica Fg Eg SP 
0.14 0.009 0.010 27 1900 1.60 
Cost of the mortars (€/kg) 
M1 M2 M3 M4 M5 M6 M7 M8 M9 
0.06 0.06 0.06 0.49 0.77 0.99 1.23 8.89 17.27 
 275 
According to the figures in the table and the results of thermal and mechanical characterization 276 
as well as the durability aspects previously discussed, it seems that using advanced materials 277 
like expanded graphite in mortars for geothermal purposes is still far from being cost-effective, 278 
even though the properties of the resulting fluid mortars are indeed improved when this product 279 
is employed. As for the more conventional flake graphite, thermal conductivity results showed 280 
that for specific situations (e.g., when soils have very good thermal properties), it might be 281 
worth using it despite the lower cost of the silica sand mortars. For comparison purposes, it 282 
should be said that the cost of mortars M4, M5, M6 and M7 is similar to or less than those of 283 
commercial grouts with enhanced thermal properties. 284 
4. Conclusions 285 
In this paper, the mechanical and thermal characterization of nine different cement-sand mortars 286 
for geothermal purposes has been carried out and their durability has been assessed after being 287 
subjected to wet-dry cycles. Based on the results of the different tests, the following main 288 
conclusions can be drawn:  289 
• The use of small quantities of flake and expanded graphite clearly increases the thermal 290 
conductivity of the mortars even when considerable w/c ratios are used. Likewise, the 291 
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use of silica sand instead of (or in combination with) limestone substantially improves 292 
it. Nevertheless, the enhancing capacity of the graphites seems to be superior if the low 293 
quantities used in this research (< 5 %wt) are considered.  294 
• Despite the different mix proportions and materials involved, all the mortars showed 295 
adequate to very good values of mechanical strength, significantly higher than those of 296 
conventional geothermal grouts. More importantly, good mechanical to thermal 297 
performance ratios were obtained for mortars with suitable workability. 298 
• Similar values of pipe-mortar bond strength were obtained for mortars M1 to M5, which 299 
means that using flake graphite did not have any influence on this parameter. As for the 300 
higher value of bond strength achieved by M9, the large standard deviations obtained 301 
in the test did not allow a positive effect to be inferred from using expanded graphite.    302 
• The durability of the mortars under wet-dry cycles has been proved, as hardly any 303 
damage was noticed in terms of thermal conductivity or mechanical strength. As for the 304 
pipe-mortar adherence, some damage has been measured in all the mortars after the 305 
durability treatment, even though most of them have retained at least 60% of the bond 306 
strength.  307 
• The cost of the different mortars designed, as well as the mechanical and thermal 308 
characterization results suggest that using advanced materials such as expanded graphite 309 
in GSHP installations is not cost-effective yet. However, the current development of the 310 
graphite technology and the resulting future decrease in prices might help to change this 311 
in the near future.  312 
Acknowledgements 313 
This work is based on the project with reference BIA2013-40917-R. This project was financed 314 
by the Ministry of Economy and Competitiveness through the State General Budget and the 315 
European Regional Development Fund (FEDER). The authors would also like to express their 316 
gratitude to the LADICIM and LAGUC of the University of Cantabria for the laboratory work 317 
done. Thanks also to BASF for kindly providing the superplasticizer used in this project.  318 
References 319 
[1] Arrizabalaga, I., De Gregorio, M., García de la Noceda, C., Hidalgo, R., Urchueguía, J. 320 
Country Update for the Spanish Geothermal Sector. Proceedings World Geothermal Congress 321 
2015, Melbourne, Australia, 19-25 April 2015. 322 
Author’s post-print: P. Pascual-Muñoz, I. Indacoechea-Vega, D. Zamora-Barraza, D. Castro-Fresno,. “Experimental analysis of 
enhanced cement-sand-based geothermal grouting materials”. Construction and Building Materials 185 (2018), 481–488. ISSN 0950-
0618. DOI: 10.1016/j.conbuildmat.2018.07.076 
15 
 
[2] Allan, M.L. Materials characterization of superplasticized cement-sand grout. Cement and 323 
Concrete Research, 2000, 30 (6), pp. 937-942. 324 
[3] Fleuchaus, P., Blum, P. Damage event analysis of vertical ground source heat pump systems 325 
in Germany. Geothermal Energy (2017), pp. 5-10. 326 
[4] Zhu, K., Fang, L., Diao, N., Fang, Z. Potential underground environmental risk caused by 327 
GSHP systems. Procedia Engineering 205, pp. 1477-1483. 328 
[5] Bucci, A., Bianco Prevot, A., Buoso, S., De Luca, D.A., Lasagna, M., Malandrino, M., 329 
Maurino, V. Environmental Earth Sciences (2018), pp. 77-175. 330 
 [6] Lee, C., Lee, K., Choi, H.,Choi, H.-P. Characteristics of thermally-enhanced bentonite 331 
grouts for geothermal heat exchanger in South Korea. Science China Technological Sciences, 332 
2010, 53 (1), pp. 123-128. 333 
[7] Delaleux, F., Py, X., Olives, R., Dominguez, A. Enhancement of geothermal borehole heat 334 
exchangers performances by improvement of bentonite grouts conductivity. Applied Thermal 335 
Engineering, 2012, 33-34 (1), pp. 92-99. 336 
[8] Erol, S., François, B. Thermal, hydraulic and mechanical performances of enhanced 337 
grouting materials for borehole heat exchanger. Coupled Phenomena in Environmental 338 
Geotechnics - Proceedings of the International Symposium, ISSMGE TC 215, 2013, pp. 491-339 
499. 340 
[9] Erol, S., François, B. Efficiency of various grouting materials for borehole heat exchangers. 341 
Applied Thermal Engineering, 2014, 70 (1), pp. 788-799. 342 
[10] Erol, S., François, B. Freeze damage of grouting materials for borehole heat exchanger: 343 
Experimental and analytical evaluations. Geomechanics for Energy and the Environment, 2016, 344 
5, pp. 29-41. 345 
[11] Indacoechea-Vega, I., Pascual-Muñoz, P., Castro-Fresno, D., Calzada-Pérez, M.A. 346 
Experimental characterization and performance evaluation of geothermal grouting materials 347 
subjected to heating-cooling cycles. Construction and building materials, 2015, 98, pp. 583-348 
592. 349 
[12] Anbergen H., Frank J., Müller L., Sass I. Freeze-thaw-cycles on borehole heat exchanger 350 
Author’s post-print: P. Pascual-Muñoz, I. Indacoechea-Vega, D. Zamora-Barraza, D. Castro-Fresno,. “Experimental analysis of 
enhanced cement-sand-based geothermal grouting materials”. Construction and Building Materials 185 (2018), 481–488. ISSN 0950-
0618. DOI: 10.1016/j.conbuildmat.2018.07.076 
16 
 
grouts: impact on the hydraulic properties. Geotechnical Testing Journal, 2014, 37(4), pp. 639-351 
651.  352 
[13] Indacoechea-Vega, I., Pascual-Muñoz, P., Castro-Fresno, D., Zamora-Barraza, D. 353 
Durability of geothermal grouting materials considering extreme loads. Construction and 354 
building materials, 2018, 162, pp. 732-739. 355 
[14] Allan, M.L., Kavanaugh, S.P. Thermal conductivity of cementitious grouts and impact on 356 
heat exchanger length design for ground source heat pumps. HVAC&R Research, 1999, 5 (2), 357 
pp. 87-98. 358 
[15] Allan, M.L., Philippacopoulos, A.J. Properties and performance of cement-based grouts 359 
for geothermal heat pump applications. Final Report FY 1999. Department of Applied Science, 360 
Brookhaven National Laboratory, New York, 1999. 361 
[16] Allan, M.L., Philippacopoulos, A.J. Performance characteristics and modelling of 362 
cementitious grouts for geothermal heat pumps. Proceedings World Geothermal Congress 363 
2000, Kyushu - Tohoku, Japan. 364 
[17] Philippacopoulos, A.J., Berndt, M.L. Influence of debonding in ground heat exchangers 365 
used with geothermal heat pumps. Geothermics, 2001, 30 (5), pp. 527-545. 366 
[18] Borinaga-Treviño, R., Pascual-Muñoz, P., Castro-Fresno, D., Del Coz-Díaz, J.J. Study of 367 
different grouting materials used in vertical geothermal closed-loop heat exchangers. Applied 368 
Thermal Engineering, 2013, 50 (1), pp. 159-167. 369 
[19] Berndt, M.L. Strength and permeability of steel fibre reinforced grouts. Construction and 370 
building materials, 2010, 24 (9), pp. 1768-1772. 371 
[20] Park, M., Min, S., Lim, J., Choi, J.M., Choi, H. Applicability of cement-based grout for 372 
ground heat exchanger considering heating-cooling cycles. Science China Technological 373 
Sciences, 2011, 54 (7), pp. 1661-1667.      374 
[21] Borinaga-Treviño, R., Pascual-Muñoz, P., Calzada-Pérez, M.A., Castro-Fresno, D. Freeze-375 
thaw durability of cement-based geothermal grouting materials. Construction and building 376 
materials, 2014, 55 (1), pp. 390-397.  377 
[22] Allan, M.L. Quality Control and Troubleshooting for Grouts Used with Geothermal Heat 378 
Author’s post-print: P. Pascual-Muñoz, I. Indacoechea-Vega, D. Zamora-Barraza, D. Castro-Fresno,. “Experimental analysis of 
enhanced cement-sand-based geothermal grouting materials”. Construction and Building Materials 185 (2018), 481–488. ISSN 0950-
0618. DOI: 10.1016/j.conbuildmat.2018.07.076 
17 
 
Pumps. Proceedings World Geothermal Congress. Melbourne, Australia, 19-25 April 2015. 379 
[23] Kim, D., Kim, G., Baek, H. Thermal conductivities under unsaturated condition and 380 
mechanical properties of cement-based grout for vertical ground-heat exchangers in Korea – A 381 
case study. Energy and Buildings, 122 (2016), 34-41.  382 
[24] Holmberg, H., Acuña, J., Næss, E., Sønju, O. Deep Borehole Heat Exchangers, Application 383 
to Ground Source Heat Pump Systems. Proceedings World Geothermal Congress. Melbourne, 384 
Australia, 19-25 April 2015. 385 
[25] GeoDH. Developing geothermal district heating in Europe. Final report from the GeoDH 386 
project (2015).  387 
[26] Werner, S. International review of district heating and cooling. Energy (2017). In press. 388 
DOI: 10.1016/ j.energy.2017.04.045. 389 
[27] Sanner, B. Market and Potential for Geothermal Energy in Europe. GeoEnergi 2015. 390 
Norwegian Centre for Geothermal Energy Research. Bergen, Norway, 2-3 September 2015.  391 
[28] Liew, K.M., Kai, M.F., Zhang, L.W. Carbon nanotube reinforced cementitious composites: 392 
An overview. Composites Part A: Applied Science and Manufacturing, 2016, 91, pp. 301-323. 393 
[29] Meng, W., Khayat, K.H. Mechanical properties of ultra-high-performance concrete 394 
enhanced with graphite nanoplatelets and carbon nanofibers. Composites Part B: Engineering, 395 
2016, 107, pp. 113-122. 396 
[30] UNE-EN 197-1:2011. Cement - Part 1: Composition, specifications and conformity criteria 397 
for common cements, 2011. 398 
[31] UNE-EN 1015-3:2000. Methods of test for mortar for masonry - Part 3: Determination of 399 
consistence of fresh mortar (by flow table), 2000. 400 
[32] UNE-EN 1015-6:1999. Methods of tests for mortar for masonry - Part 6: Determination of 401 
bulk density of fresh mortar, 1999. 402 
[33] UNE-EN 1015-10:2000/A1. Methods of tests for mortar for masonry - Part 10: 403 
Determination of dry bulk density of hardened mortar, 2007. 404 
[34] ASTM D5334-08. Standard Test Method for Determination of Thermal Conductivity of 405 
Author’s post-print: P. Pascual-Muñoz, I. Indacoechea-Vega, D. Zamora-Barraza, D. Castro-Fresno,. “Experimental analysis of 
enhanced cement-sand-based geothermal grouting materials”. Construction and Building Materials 185 (2018), 481–488. ISSN 0950-
0618. DOI: 10.1016/j.conbuildmat.2018.07.076 
18 
 
Soil and Soft Rock by Thermal Needle Probe Procedure, 2008. 406 
[35] UNE-EN 1015-11:2000/A1. Methods of test for mortar for masonry - Part 11: 407 
Determination of flexural and compressive strength of hardened mortar, 2007. 408 
